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AN EXPERIMENTAL AND THEORETICAL INVESTIGATION O F  A 
SYMMETRICAL AND A CAMBEBED DELTA WING 

CONFIGURATION AT MACH NUMBERS 
FROM 2.0 TO 10.7 

By Walter P. N e b s ,  Jr., Ralph L. Carmichael, 
and Charles R. Castellano 

Ames Research Center 

SUMMARY 

An experimental and t h e o r e t i c a l  inves t iga t ion  has been made of the  e f f e c t  
of wing camber on the  longi tudinal  aerodynamic c h a r a c t e r i s t i c s  of a configura- 
t i o n  representat ive of an a i rp lane  designed t o  c ru ise  a t  hypersonic speeds. A 
70° swept d e l t a  wing with a symmetrical sect ion and 4-percent thickness r a t i o  
was compared t o  one of i d e n t i c a l  planform and thickness which was cambered so 
as t o  have a f l a t  lower surface.  Experimental da ta  were obtained a t  e ight  
Mach numbers, from 1.99 t o  10.70, and compared with est imates  from three  
d i f f e ren t  t h e o r e t i c a l  procedures. 

The inves t iga t ion  indicated t h a t  a configuration with a flat-bottomed 
wing was i n  no way superior  t o  a similar configuration with a symmetrical wing 
sect ion.  I n  f a c t ,  a t  the  lowest Mach numbers of t h i s  study the  flat-bottomed 
wing had a large negative p i tch ing  moment a t  zero l i f t ,  which would ind ica te  
f a i r l y  subs t an t i a l  values of t r i m  drag. The cha rac t e r i s t i c s  could be 
predicted with a fair  degree of  accuracy by the  tangent-wedge -- tangent-cone 
procedure. 

INTRODUCTION 

It has been shown theo re t i ca l ly  ( r e f s .  1, 2, 3) t h a t  a t  high hypersonic 
speeds,  t h e  a i r f o i l  sec t ion  with t h e  highest  l i f t - d r a g  r a t i o  has a f l a t  lower 
surface.  I n  reference 1, a comparison was made between a symmetrical double 
wedge sec t ion  of 4-percent thickness r a t i o  and a flat-bottomed sect ion with 
the  same thickness d i s t r ibu t ion .  The symmetrical sec t ion  had the highest  
r a t i o  of l i f t  t o  drag a t  Mach numbers of  2 and 5 ,  while t h e  flat-bottomed 
sec t ion  w a s  superior  a t  Mach numbers of 10 and 20. I n  the  same study ( r e f .  l), 
l a rge  negative pitching-moment coe f f i c i en t s  a t  zero l i f t  were noted f o r  t he  
flat-bottomed wing at the  l o w e r  Mach numbers, ind ica t ing  po ten t i a l ly  large 
values of t r i m  drag f o r  a p r a c t i c a l  configuration. I n  view of these r e s u l t s  
on a i r f o i l  sec t ions ,  it appeared very desirable  t o  make s i m i l a r  calculat ions 
on a configuration representat ive o f  an a c t u a l  hypersonic a i rp lane  and t o  com- 
pare these predict ions with experimentally determined cha rac t e r i s t i c s  over a 
wide Mach number range. 

Therefore the  present  inves t iga t ion  explored t h e  e f f e c t s  of camber, both 
experimentally and theo re t i ca l ly ,  f o r  two simple wing-body configurations over 



the Mach number range from 1.99 t o  10.70. The configurations had 4-percent- 
t h i ck ,  70° swept d e l t a  wings, one with a symmetrical and the o ther  a cambered 
a i r f o i l  sect ion.  The tes t s  w e r e  made i n  a i r  i n  the  A m e s  1- by 3-Foot Super- 
sonic and 3.5-Foot Hypersonic Wind Tunnels. 
two l inear ized  supersonic theor ies  and t h e  tangent-cone -- tangent-wedge 
hypersonic method, have been used i n  a comparison with the  experimental 
r e s u l t s .  

E s t i m a t e s  from three theor ies ,  

The force  and moment coef f ic ien ts  are referenced t o  the  s t a b i l i t y  axes 
system with the  moment reference center  located on the  fuselage center l ine  
10.962 inches (27.843 e m )  from the  nose. This loca t ion  corresponds t o  the  
25-percent point  of t h e  mean aerodynamic chord. The subscr ipts  “cambered 
wing” and “symmetrical wing” as used herein ind ica te  the  t o t a l  configuration 
with t h e  respect ive wing. 
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The resul ts  i n  t h i s  repor t  are presented i n  t h e  U.  S .  Customary System of 
Units with equivalent values indicated parenthe t ica l ly  i n  the  In te rna t iona l  

Reference 4 presents  conversion f ac to r s  and physical  constants f o r  
systems of un i t s .  
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dmax maximum body diameter 
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M free-stream Mach number 

q free-stream dynamic pressure 
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MODEL 

A drawing of  t he  model, including a t a b l e  of body coordinates,  i s  shown 
i n  f igure  1. Figure 2 presents  d e t a i l s  of  t h e  symmetrical and cambered a i r -  
f o i l  sect ions f o r  the  wings t h a t  were tes ted .  Figure 3 i s  a photograph of 
the  model with t h e  cambered wing. 

The model consis ted of a body which could be f i t t e d  with a wing having 
e i t h e r  a symmetrical or a cambered a i r f o i l  sect ion.  
cross  sec t ion ,  a f ineness  r a t i o  (2/d) of 12 and a Sears-Haack p r o f i l e  extend- 
ing back 11.133 inches (28.278 em) from t h e  nose. 
ex te rna l  contour of t h e  body consisted of a cone f rus tum.  

The body had a c i r cu la r  

From t h i s  point a f t ,  t he  

Both wings t e s t e d  had i d e n t i c a l  TO0 swept-leading-edge d e l t a  planforms, 
aspect r a t i o s  of 1.46, and maximum thicknesses of 4 percent ( t / c  = 0.04) i n  
t h e  stream di rec t ion .  
wedge-slab-wedge a i r f o i l  sec t ion  with r idge l i n e s  a t  30 and 70 percent of  
t h e  l o c a l  chords on t h e  upper and lower surfaces .  This wing w a s  mounted i n  
a mid-wing pos i t ion  on t h e  body so t h a t  t he  center l ine  of t h e  a i r f o i l  sec t ion  
coincided with the center l ine  of t h e  body. The second wing ( f i g .  2 ( b ) )  had 
a cambered a i r f o i l  sec t ion  with a f l a t  lower surface and r idge l i n e s  on the  
upper surface at  30 and 70 percent of t he  l o c a l  chords. 
w a s  mounted i n  such a manner t h a t  a plane containing the  wing lower surface 
passed through t h e  cen te r l ine  of t h e  body. 

The f i r s t  wing t e s t e d  ( f i g .  2 ( a ) )  had a symmetrical 

The cambered wing 
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TESTS 

The tests w e r e  made i n  air i n  t h e  Ames 1- by 3-FOOt Supersonic and 
3.5-Foot Hypersonic Wind Tunnels over a Mach number range from 1.99 t o  10.70. 
I n  t h e  1- by 3 - f O O t  f a c i l i t y ,  t he  Mach number was varied from 1.99 t o  4.81 
and i n  the  3.5-foot tunnel ,  the  Mach numbers were 5.31, 7.42, and 10.70. The 
following t a b l e  l i s t s  t h e  nominal s tagnat ion temperatures and pressures ,  
along with t h e  r e su l t i ng  u n i t  Reynolds numbers, used for t h e  tests. 

Mach 
number 

1.99 
2.56 
3.14 
4.07 
4.81 
5.31 
7.42 

10.70 

- 

Stagnation 
temperature - 

__ 
OF 

100 

114 
114 
108 

117 
7 90 
7 90 

.~ 
1420 

Unit Reynolds I number 
Stagnation 
pres  sure  - - - .  

l b / in  . 
- .  . .  

29 
40 
53 
57 
59 

262 
6 13 

.- 1-592 

i - 4  

per  f t  
.. . -  

7. a106 
7 .&io6 
7.1~10~ 
4 . 8 ~ 1 0 ~  
3. 5x10" 
3. 4x1O6 
3 . 8 ~ 1 0 ~  
1 . 8 ~  io6 

The t e s t s  were conducted over a nominal angle-of-attack range from -4 t o  
The model was  sting-mounted through the  fuselage base,  and force  and +12'. 

moment measurements were made with an i n t e r n a l l y  mounted six-component 
strain-gage balance. The angle o f  a t t a c k  w a s  corrected f o r  both wind-tunnel 
flow misalinement and f o r  balance and s t i n g  def lec t ions  caused by aerody- 
namic loads.  
force  data were adjusted t o  a condition corresponding t o  free-stream s t a t i c  
pressure on the  base.  

Fuselage base pressure measurements were made and the  a x i a l -  

' In view o f  t he  d i f f i c u l t y  i n  f i x i n g  t r a n s i t i o n  at  the  higher Mach 
nmbers ,  t he  e n t i r e  t e s t  was  conducted with no a r t i f i c i a l  induction of 
boundary -1aye r t r a n s i t  ion  . 

The estimated maximum e r ro r s  i n  t h e  various measured quan t i t i e s  based 
on r epea tab i l i t y  of  t he  data and known prec is ion  of the  measuring equipment 
a re  as follows: 

Super sonic- tes$s- Hypersonic t e s t s  

CL +o .002 40.003 
Cm t-0.0006 40 .0008 

M t-0.01 20.05 
a 40.10 t-0 .lo 

CD +O .0003 +0.0004 
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THEORETICAL METHODS 

Three methods were used t o  pred ic t  the  longi tudinal  aerodynamic 
cha rac t e r i s t i c s  of t h e  symmetrical and cambered wing configurations.  The 
f i r s t  two methods have been successful ly  applied i n  previous s tud ies  a t  Low 
supersonic speeds and the  t h i r d  i s  a standard method f o r  es t imat ing hy-per- 
sonic cha rac t e r i s t i c s .  Each method w a s  used f o r  a l l  of t h e  Mach numbers of 
t h i s  repor t ,  namely 1.99 t o  10.70, despi te  t he  f a c t  t h a t  none of t he  proce- 
dures w e r e  expected t o  be appl icable  f o r  t h i s  e n t i r e  speed range. The calcu- 
l a t i o n  techniques employed i n  these  methods, along with per t inent  references,  
are, b r i e f l y ,  as follows: 

Method I ( r e f .  5) .- The wing cha rac t e r i s t i c s  were computed by l inear ized  
supersonic theory and t h e  forebody l i f t  w a s  calculated by slender body theory.  
The e f f e c t  of camber on t h e  wing cha rac t e r i s t i c s  w a s  computed by three  e l e -  
mentary d e l t a  wing so lu t ions  superimposed i n  accordance with the  techniques 
described i n  reference 6. 
theory were used t o  compute wing-body interference.  The interference loadings 
induced by t h e  wing camber on t h e  fuselage afterbody were neglected,  as were 
the  e f f e c t s  of f'uselage b o a t t a i l .  

Carry-over f ac to r s  calculated by slender body 

Method--Ix--(ref. 7 )  .- Both the  wing and body c h a r a c t e r i s t i c s  were 
computed by a l inea r i zed  supersonic theory consis t ing of numerical calcula-  
t i ons  by aerodynamic influence coef f ic ien ts  with panels located on the  wing 
and body t o  account f o r  in te r fe rence  e f f ec t s .  The pressures were computed by 
the  l i n e a r  pressure coe f f i c i en t  formula and the  m a x i m u m  number of panels 
allowable i n  the  computer program described i n  reference 7 .  

Method I11 ( r e f .  3 ) .  - The wing cha rac t e r i s t i c s  were computed by the  
tangent-wedge method and the  body cha rac t e r i s t i c s  were calculated by the  
tangent-cone procedure. For the  expansion regions of both the  wing and body, 
a Prandtl-Meyer expansion from f r e e  stream w a s  employed. The computer program 
of  reference 8 w a s  used f o r  the  numerical computations f o r  Method 111. 

RESULTS AND DISCUSSION 

Presentat ion of Results 

The longi tudina l  force and moment data  obtained experimentally a re  
presented i n  f igu re  4. These data  a re  shown f o r  Mach numbers of 1.99, 2.56, 
3.14, 4.07, 4.81, 5.31, 7.42, and 10.70 at  the  Reynolds numbers indicated i n  
the  Tests sec t ion  of t h i s  repor t .  A comparison o f  t h e  experimental da ta  with 
the  r e s u l t s  obtained by the  th ree  t h e o r e t i c a l  p red ic t ion  techniques i s  pre-  
sented i n  f igu re  5 f o r  Mach numbers from 1.99 t o  10.70. Summary p l o t s  of t he  
experimental and t h e o r e t i c a l  r e s u l t s  as a funct ion of Mach number a r e  shown 
i n  f igu re  6. 
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D i s  cus s ion of Experiment a1 Result  s 

L i f t . -  A t  t he  lower speeds, t he  lift curves f o r  both t h e  symnetrical and 
cambered wing configurations are l i n e a r  f o r  t he  e n t i r e  angle-of -attack range 
of t h e  study ( f i g .  4 ) .  
begins t o  appear i n  the  curves r e s u l t i n g  i n  increased l i f t - c u r v e  slope with 
increasing l i f t .  This nonl inear i ty  becomes qui te  s ign i f i can t  a t  t h e  higher 
speeds. A comparison of t he  slopes o f  the  l i f t  curves f o r  the  two configura- 
t i o n s  shows t h a t  f o r  any given value of l i f t  at the  l o w e r  speeds, t he  slopes 
of t h e  curves are the  same. However, as t h e  Mach number i s  increased, t he  
configuration with t h e  cambered wing exhib i t s  the  g rea t e r  value of l i f t -  
curve slope at  the  higher l i f t  coe f f i c i en t s .  The magnitude of C b  obtained 
by experiment decreases from about 0.03 a t  a Mach number of 1.99 t o  about 
0 .01  a t  M = 10.70. 

A t  a Mach number of 4.81, however, a nonl inear i ty  

A s  would be expected a t  the  lower supersonic speeds, t he  configuration 
with the  cambered wing has a pos i t ive  value of l i f t  a t  zero angle of a t t ack  
whereas above M =  2.9, where the  wing leading edge becomes supersonic, this 
t rend  reverses.  

Drag and l i f t - d r a g  r a t i o .  - The configuration with the  cambered wing has 
a higher drag a t  zero l i f t .  This difference i n  CD, i s  very s ign i f i can t  a t  
t he  lower speeds but  qui te  i n s ign i f i can t  a t  M = 10.70. However, t he  sym- 
metr ical  configuration has a grea te r  drag due t o  lift and, as a net r e s u l t  of 
these contrast ing e f f e c t s ,  t he  maximum l i f t - t o -d rag  r a t i o  f o r  the  two con- 
f igu ra t ions  i s  v i r t u a l l y  the  same at  a l l  Mach numbers of t h i s  study. The 
experimental r e s u l t s  ind ica te  values of  (L/D),, decreasing from 5.7 at  a 
Mach number of 1.99 t o  about 3.3 a t  the highest  Mach number of 10.70. 

Pitching moment.- A t  t he  lower Mach numbers, t he  configuration with the  
cambered wing exhib i t s  a r e l a t i v e l y  high negative pitching-moment coe f f i c i en t  
a t  zero l i f t  ( f i g .  4 ) .  
pos i t i ve  at the  higher speeds. The slopes o f  t h e  pitching-moment curves a t  
zero l i f t  f o r  both the  symmetrical and cambered wing configurations a re  near ly  
i d e n t i c a l  and show decreasing s t a b i l i t y  with increasing Mach number. This 
s t a b i l i t y  change represents  a forward movement o f  t he  aerodynamic center  from 
45 percent of t he  mean aerodynamic chord a t  M = 1.99 t o  about 1-5 percent o f  
t he  mean aerodynamic chord a t  M = 10.70. This la rge  forward a'erodynamic ten- 
t e r  t r a v e l  with increasing Mach number i s  due pr imari ly  t o  t h e  increased 
forebody loading a t  the  hypersonic speeds. A t  the  higher Mach numbers and 
higher l i f t  coef f ic ien ts ,  the  configuration with the  cambered wing i s  s l i g h t l y  
more s t ab le .  

This value i s  reduced t o  zero or becomes s l i g h t l y  

Except f o r  the  l a rge r  C D ~  and more negative Crrb of the  cambered wing 
configuration a t  t h e  lower speeds, t he  two models have similar longi tudina l  
aerodynamic cha rac t e r i s t i c s  f o r  t h e  conditions of these t e s t s .  Thus the  
o v e r a l l  longi tudina l  aerodynamic performance o f  t h i s  configuration i s  essen- 
t i a l l y  unaffected by wing camber a t  t he  higher hypersonic speeds of t h i s  
study . 
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Comparison With Theory 

- L i f t . -  A t  t h e  lower Mach numbers, t he  l i f t - cu rve  s lope and l i f t  a t  zero 
angle of a t t ack  as predicted by the  l i nea r  theory of Method 1 agree well  with 
the  experimental r e s u l t s  obtained f o r  bo th  t h e  symmetrical and cambered wing 
configurations ( f i g s .  5 and 6 ( a ) ) .  This good agreement a t  t h e  lower speeds 
i s  maintained f o r  the  e n t i r e  angle-of-attack range of this study. I n  the  
Mach number range of 4.07 t o  5.31, Method I gives good est imates  of 
tends t o  underpredict the  l i f t - cu rve  slope a t  t he  higher l i f t  coe f f i c i en t s  
s ince the  theory does not account f o r  t he  non l inea r i t i e s  t h a t  appear i n  the  
experimental r e s u l t s .  Above M = 5.31, Method I shows fa i r  agreement with the  
experimental l i f t - cu rye  slopes near zero l i f t ,  bu t  badly underestimates t h i s  
parameter a t  t h e  higher angles of a t tack .  Likewise, a t  t he  higher speeds, 
Method I does not pred ic t  t he  negative values associated with the  cam- 
bered wing configuration. It can be concluded then, t h a t  Method I gives good 
est imates  of t h e  l i f t  cha rac t e r i s t i c s  f o r  these  configurations f o r  Mach num- 
bers  up t o  4.07. The departure from experiment above t h i s  Mach number would 
probably be expected, s ince t h i s  i s  a l i nea r  theory procedure and general ly  
out  of  i t s  range of app l i cab i l i t y .  

C h  but  

C b  

A s  can be seen i n  f igu res  5(a)  and 6 ( a ) ,  t he  l inear ized  supersonic 
theory of Method I1 gives good est imates  of the  l i f t - cu rve  slopes f o r  both 
configurations a t  Mach number 1.99. 
t h e o r e t i c a l  procedure tends t o  overestimate the  l i f t - cu rve  slopes bu t  t h e  
estimates agree wel l  with the  experimental values of l i f t  a t  zero angle of 
a t tack .  For t he  higher Mach numbers, t h e  l i f t  pred ic t ions  of Method I1 a r e  
s imi la r  t o  those of Method I. A t  t he  lower speeds, however, Method I tends 
t o  give b e t t e r  o v e r a l l  lift estimates than those o f  Method 11. 

However, a t  M = 2.56 and 3.14 t h i s  

A t  a Mach number of 1.99, t h e  hypersonic theory of Method I11 tends t o  
overpredict  the  l i f t - cu rve  slopes f o r  both configurations and t o  under- 
estimate t h e  d i f fe rence  i n  the  magnitude o f  t he  l i f t  between the  two wings 
( f i g s .  5 and 6 ( a ) ) .  
study, t he  est imates  of 
t he  experimental r e s u l t s .  Because of non l inea r i t i e s  i n  t h e  pred ic t ion  of 
pressure coe f f i c i en t  with increasing angle of a t t ack ,  t he  l i f t  curves as 
computed by t h i s  procedure exhib i t  increasing slope with increasing l i f t .  
Consequently, a t  the  lower Mach numbers and higher l i f t  coe f f i c i en t s ,  t h e  
estimated l i f t  curves have a grea te r  slope than the  experimental r e s u l t s .  
A t  t he  higher speeds, however, t he  nonlinear l i f t  curves predicted by t h i s  
method exhib i t  fair  t o  good agreement with the  experimental data.  I n  con- 
trast  t o  t h e  o the r  t w o  t heo r i e s ,  Method I11 predic t s  a negative value of 
C L ~  
d i c t i o n  of nonlinear cha rac t e r i s t i c s  throughout t he  Mach number range of t h i s  
study, Method I11 general ly  gives t h e  b e s t  o v e r a l l  r e s u l t s  of t he  th ree  
ana ly t i ca l  procedures used i n  t h i s  inves t iga t ion .  

However, a t  most o f  t he  remaining Mach numbers o f  t h i s  
CL, by Method I11 show fa i r  t o  good agreement with 

f o r  t h e  cambered wing a t  t h e  'higher Mach numbers. I n  view of t h e  pre-  

Drag.- The experimental and t h e o r e t i c a l  drag c h a r a c t e r i s t i c s  o f  t h e  
symmetrical and cambered wing configurations a re  compared i n  f igu res  5 and 
6 ( a ) .  
t h e  two configurat ions r a the r  than the  o v e r a l l  drag leve l .  The parameter 

The r e s u l t s  are presented so as t o  show the  drag d i f fe rences  between 



CD' of f igu re  5 represents  t h e  drag coe f f i c i en t  less the  C D ~  of the  
symmetrical wing configuration. 
drag between the  symmetrical and c d e r e d  wing configurat ions a re  presented 
as a funct ion of Mach number. 

I n  f i g u r e  6(a) ,  t h e  increments i n  z e r o - l i f t  

The l i nea r  theory of Method I tends t o  overpredict  t he  CD, increment 
between the  configurations a t  the  lowest two Mach numbers of 1.99 and 2.56; 
t h e  r e s u l t s  a r e  b e t t e r  at  t h e  higher speeds. A t  M = 1.99, Method I agrees 
w e l l  with the  experimental drag polar  of t he  symmetrical wing configuration 
but  tends t o  underestimate t h e  drag due t o  l i f t  o f  t h e  configuration with the  
cambered wing. M = 2.56 and 3.14, Method I s l i g h t l y  underpredicts t he  
drag due t o  l i f t  f o r  both configurations a t  the  highest  values of l i f t .  A t  
Mach numbers of 7.42 and 10.70, Method I tends t o  pred ic t  a g rea t e r  drag due 
t o  l i f t  f o r  both winged configurations a t  t h e  higher values of l i f t  than 
shown i n  the  experimental data.  

For 
c 

Except f o r  a s l i g h t  overprediction a t  M = 2, t h e  l inear ized  supersonic 
theory of Method I1 gives good est imates  of t he  z e r o - l i f t  drag differences 
between the  two configurations f o r  t h e  e n t i r e  speed range o f  the  study. I n  
general ,  t he  drag due t o  lift of both configurations a t  the  higher values of 
l i f t  i s  underpredicted by Method I1 a t  M = 1.99 t o  5.31. For M = 7.42 and 
10.70, Method I1 overpredicts  the  drag due t o  l i f t  a t  t he  higher values 
of  l i f t ,  bu t  shows good r e s u l t s  s i m i l a r  t o  those o f  Method I at  the  lower 
values. 

A s  was t h e  case with Method 11, the  tangent-cone -- tangent-wedge 
procedure of Method I11 gives good estimates of t h e  increments i n  z e r o - l i f t  
drag between the  symmetrical and cambered wing configurations throughout t he  
Mach number range considered. A t  most Mach numbers of t h e  study, Method I11 
general ly  underpredicts t he  drag due t o  l i f t  c h a r a c t e r i s t i c s  f o r  both config- 
ura t ions  a t  the higher values of l i f t ,  whereas, wtth exception of Mach num- 
b e r  1.99, it gives good r e s u l t s  at  the  medium and low values of l i f t .  It can 
be concluded, then,  t h a t  t h e o r e t i c a l  Methods I1 and I11 give t h e  bes t  o v e r a l l  
predict ions o f  the  differences i n  between the  configurations while none 
of t he  methods i s  superior as far as  drag due t o  l i f t  es t imates  a re  
concerned. 

CD, 

Pitching moment.- Figures 5 and 6(b)  present  a comparison of t he  
experimental and t h e o r e t i c a l  pitching-moment c h a r a c t e r i s t i c s  of t h e  symmetri- 
c a l  and cambered wing configurations.  A t  M = 1.99, t h e o r e t i c a l  Method I 
gives  good estimates of t h e  slopes of t he  pitching-moment curves at zero 
lift, but tends t o  overpredict  t he  s t a b i l i t y  of  both configurations f o r  Mach 
numbers 2.56 through 7.42. The good agreement t h a t  occurs a t  M = 10.70 
between the  t h e o r e t i c a l  and experimental s t a b i l i t y  curves i s  probably only 
fo r tu i tous .  With t h e  exception of  t h e  good r e s u l t s  a t  Mach numbers 2.56 
through 4.07, Method I tends t o  pred ic t  a s l i g h t l y  grea te r  negative (2% 
than i s  exhibited by t h e  experimental data f o r  the  Mach number range of the  
study . 

The supersonic l inear ized  theory of  Method I1 tends t o  pred ic t  much 
more s t a b i l i t y  f o r  both configurations than the  experimental r e s u l t s  
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ind ica te .  
from about 11 t o  14 percent o f  t h e  mean aerodynamic chord rearward o f  the  
experimental da ta  at  M = 3.14 and 10.70, respect ively.  
Mach number range considered, Method I1 predic t s  a much l a r g e r  negative Cmo 
than i s  obtained from t h e  experimental t e s t s  of t he  canibered wing configura- 
t i on .  Except a t  t h e  lowest Mach number, it appears t h a t  ne i the r  Method I nor 
I1 adequately est imates  t h e  longi tudinal  pressure d i s t r i b u t i o n  f o r  these 
configurations.  

The aerodynamic center  locat ions as estimated by t h i s  theory are 

I n  addi t ion,  f o r  t h e  

The aC&CL values predicted by the  tangent-cone -- tangent-wedge 
theory of Method I11 show from fair  t o  good agreement with the  experimental 
values f o r  M = 10.70 t h i s  theory tends t o  
underestimate t h e  s t a b i l i t y .  A t  t he  higher Mach numbers, t h e  s l i g h t  d i f -  
ferences i n  s t a b i l i t y  of these  configurations at zero l i f t ,  as indicated b y ,  
t h i s  theory,  do not appear i n  t h e  experimental data.  Method I11 predic t s  
C,, M = 1.99 t o  3.14, 
bu t  t h i s  t h e o r e t i c a l  technique gives good estimates a t  a l l  t h e  higher speeds 
f o r  t h i s  same parameter. O f  t he  three  t h e o r e t i c a l  procedures considered i n  
this  study, Method 111 gives t h e  b e s t  o v e r a l l  results f o r  both aC&CL and 

M = 1.99 through 7.42, bu t  at  

t o  be l e s s  negative than t h e  experimentalvalues  f o r  

% *  

CONCLUSIONS 

An experimental and t h e o r e t i c a l  inves t iga t ion  has been made of t he  e f f ec t  
of wing camber on the  longi tudinal  aerodynamic c h a r a c t e r i s t i c s  of a configura- 
t i o n  representa t ive  of an a i rp lane  designed t o  c ru ise  a t  hypersonic speeds. 
A YO0 d e l t a  wing with syrmnetrical sect ion and b p e r c e n t  thickness r a t i o  was 
compared t o  one of i d e n t i c a l  planform and thickness  which w a s  cambered so as  
t o  have a f l a t  lower surface.  Experimental da ta  were obtained at e ight  Mach 
numbers, from 1.99 t o  10.70, and compared with estimates from three  d i f f e ren t  
t h e o r e t i c a l  procedures. The following r e s u l t s  were obtained: 

1. There was no s ign i f i can t  difference i n  maximum l i f t - t o -d rag  r a t i o  
between t h e  two wings at any of t h e  Mach numbers of t h i s  study. 

2. A t  t he  lowest Mach numbers, t he  cambered wing produced a very large 
negative p i tch ing  moment at zero lift. However, a t  t h e  higher hypersonic 
speeds, t h e  pitching-mment cha rac t e r i s t i c s  of this configuration were 
e s s e n t i a l l y  unaffected by wing camber. 

3. None of t h e  three t h e o r e t i c a l  procedures yielded r e s u l t s  t h a t  could 
be sa id  t o  agree w e l l  wi th  t h e  experiment i n  a l l  cases.  This might be 
expected, s ince the  methods were at  t i m e s  used outs ide  t h e  Mach number range 
of t h e i r  app l i cab i l i t y .  However, t he  b e s t  o v e r a l l  r e s u l t s  for t h i s  configura- 
t i o n  w e r e  obtained by Method 111, which i s  a tangent-wedge -- tangent-cone 
approximation procedureo 

4. The la rge  d i f fe rences  i n  zero l i f t  drag, C D ~ ,  predicted by the  
t h e o r e t i c a l  methods at  M = 1.99 are ac tua l ly  observed i n  t h e  experiment. 
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These penal t ies  i n  C D ~  
t h e  higher drag due t o  l i f t  of t he  symmetrical wing. 
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Figure 1.- Model drawing; cambered wing shown. 
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(a) Section A-A of symmetrical wing 
(Not to scale) 

(b) Section A-A of cambered wing 
(Not to scale) 

Figure 2.- Details of symmetrical and cambered wings. 
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Figure 3.- Model with cambered wing. 
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Figure 5.- Experimental and theoretical aerodynamic characteristics of the model with a 
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Theory Experiment Configuration 

0 Symmetrical 
0 Cambered _-- 

CD’ 

Method I Method I1 Method I11 

I // 

- - - I d - - -  

r 

10 
a ,  deg 5 

0 

--508 0 .08 .16 .24 -.08 o .08 .16 .24 - 

Figure 5.- Continued. 

Iu w 



Theory Experiment Configuration 

- -- - 0 Camber e d 
0 Symmetrical 

Method I 

.06 

.04 CD' 

.02 

-.io 15 -- 
-.08 0 .08 .16 .24 

Method I11 

0.0 0 0 0 -  0" ._ --e-- -\ --.. 
-. 

- ,  

-.08 0 .08 .16 .24 - 

CL 

_- 
I 

,08 o .08 .16 .24 .32 

Figure 5.- Continued. 



Theory Experiment Configuration 

0 Symmetrical 
0 Cambered - -_  

Method I 

.06 ___ 

--B 

I 

.02 

0 4- 

Method I1 Method I11 

1508 0 .08 .16 .24 - .08 o .08 .16 .24 .32 

(d) M = 4.07 

Figure 5.- Continued. 



Theory Experiment Configuration 

.06 

.04 CD' 

-05 
0 

- .05  
Cm 

-.lo 

I02 

0 

15 

Method I 

0 Symmetrical 
0 C mb er e d --- 

Method I1 

10 

5 
0 

-- 
2508 0 .08 .16 .24 -.08 0 .08 .16 .24 -. 

Method I11 

(e) M = 4.81 

Figure 5.- Continued. 



Theory Experiment Configuration 

0 Symmetrical 
n Cambered --- 

Method I 

.06 ___ 

.02 ~ 

/"' x 

* 05 
0 

-.05 
Cm 

-.lo 15 ___ 

10 
a, deg 5 

0 

--?08 0 .08 .16 .24 - 

Method I1 Method I11 

I 

I c 

__c 
i I 

.08 0 .08 .16 .24 -.08 0 .08 .16 .24 .32 

(f) M = 5.31 

Figure 5.- Continued. 



-/- 

Theory Experiment Configuration 

0 Symmetrical 
0 Cambered --- 

CD’ 

Method I Method I1 Method I11 

.06 

.04 

0 4- I I 

J@ 
JP 

,508 0 .08 .16 .24 -.08 o .08 .16 .24 

I pc 

(g) M = 7.42 

Figure 5.- Continued. 



Theory 

m m u ~  LQ -------- 

Experiment Configuration 

Method I 

CD' .04 -- 
* 05 
0 

- .05 
c, 

-.lo 

.02 - / o  
/" 

I 
/ 

10 

5 
0 

-5 

0 Symmetrical 
--- 0 Cambered 

Method I1 Method I11 

I / 
/ 

I / 

-(08 0 .08 .16 .24 -.08 0 .  .08 .16 .24 -.08 o .08 .16 -24 -32 

CL 

(h) M = 10.70 

Figure 5.- Concluded. 



w 
0 

DO 
AC 

I Method I11 - .04 

2 4 6 8 10 

.0040 

0 

Theory Experiment Configuration 
1 

2 4 6 a 10 

M M 

(a) Lift-curve slope and incremental drag at zero lift. 

Figure 6.- Summary of experimental and theoretical aerodynamic characteristics of the model with 
a symmetrical and a cambered wing as a function of Mach number. 

I 



8- 

I w 
Iu c- 
Iu .2 -- --FIFE 

I Method I1 

.2 

- .2 

0 

.2 

Method I11 ,. 
0 

__-- 
n 

0 

- , ob  Theory Experiment Configuration 
0 Symmetrical 
0 Camber e d --_ 

.04 O I I I  

Method I1 

Method I11 __- .04 

2 4 6 8 10 

M 

(b) Pitching-moment characteristics 

Figure 6.- Concluded. 

W 
t-' 



I I ll1ll11l11ll111l11~11ll11l I111 l111l l  IIIIII II 
I 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D. C. 20546 

OFFICIAL BUSINESS FIRST CLASS MAIL 

4GE A N D  FEES PAID 
’AL AERONAUTICS AND 

POSTMASTER: If Undeliverable (Section 158 
Postal Manual) D o  Nor Return 

_- ~ ~. ~- ~~ ~~ .~ 

“The aeronnittical and space activities of the United Stntes shall be 
conditcted so as t o  contribute . . , t o  the expaizsion of hai~infz Knotul- 
edge of phe?zonieiza i n  the atniosphew and space. T h e  Admiizistrntion 
shall provide for the widest prncticable nnd appropriate dissenzinat ion 
of inf oriliation coizceriziizg its actitdies nizd the resalts thereof.’’ 

-NATIONAL AERONAUTICS A N D  SPACE ACT OF 1958 , 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 

because of preliminary data, security classifica- 
tion, or other reasons. 

. Information receiving limited distribution 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 

TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include conference proceedings, 
monographs, data compilations, handbooks, 
sourcebooks, and special bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilizxion Reports and Notes, 
and Technology Surveys. 

Details on the availability of ihese publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERO N AUT1 C S  AND SPACE ADM I N ISTRATI 0 N 
Washington, D.C. 20546 


